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CAUSTIC TREATMENT OF ZIRCON SAND 
G. H. Beyer, D. R. Spink, J. B. West and H. A. Wilhelm 
ABSTRACT 
Interest in zirconium as a structural material for nuclear 
reactors has led to a search for cheaper, more conwnient ways of 
opening up zirconium ores. 
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The most abundant domestic zirconium ore is zircon (zirconium 
silicate). Caustic soda was found to be effective in decomposing 
this ore. Using a caustic-to-zircon weight ratio of 1.1:1 and a 
furnace temperature of 1050°F, it was found that 80-90% of the zircon 
reacted to form water-soluble sodium silicates and water-insoluble 
sodium zirconates. The zirconates were readily converted, after 
leaching with water, to high-purity zirconium compounds such as 
the oxychloride, fluoride, sulfate, hydroxide, oxide and nitrate. 
The low caustic-to-zircon ratio and the simple equipment for 
decomposing the sand without previous grinding, make this process 
convenient and economically attractive. 
INTRODUCTION 
Interest in zirconium as a structural material for nuclear 
reactors has focused attention on producing this metal more cheaply 
in a high state of purity. The use of zirconium in nuclear reactors 
requires the removal of the 1 to 3 per cent hafnium associated 
with zirconium in all naturally occurring ores. To remove the 
hafnium and to realize the corrosion resistance of the pure metal 
require rather elaborate chemical processing. The chemistry of 
z~rconium is complex and incompletely understood, but advances 
within the last few years have transformed zirconium from a labora-
tory curiosity to a potentially important metal. The non-metallic 
uses of zirconium compounds are well established; in the field of 
refractories, zircon and stabilized zirconia are used at temperatures 
above the service range of silica, alumina and magnesia. 
This report is concerned with an improved process for opening 
up the most abundant domestic ore of zirconium, zircon. Obtained 
as a by-product in the production of rutile from Florida beach sands, 
zircon is relatively pure zirconium orthosilicate, ZrSi04. The 
chemical analysis of zircon from the Trail Ridge Deposits of the 
Humphreys Gold Corporation is given in Table I, and the screen 
analysis in Table II. The ore was used as received, with no grind-
ing or further processing. 
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Table I 
Chemical Analysis of Zircon 
Zro2 65% Min. 
Total Si02 34% Max. 
Free Si02 1% Max. 
Fe2o3 0.15% Max. 
Al2o3 1% Max. 
Ti02 0.25% Max. 
Table II 
Screen Analysis of Zircon 
Mesh Per Cent 
+ 60 0.0 
+ 80 4.7 
+100 26.5 
+150 54.0 
+200 13.7 
-200 1.2 
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The methods of opening up zircon have been reviewed by several 
investigators (4,6,7,9). The only commercially important process 
at present involves the production of zirconium cyanonitride in 
an arc furnace. The cyanonitride may then be burned in air to 
form the oxide, or chlorinated to form zirconium tetrachloride (1,3). 
In the past the use of various fusion agents has generally involved 
high temperatures and large amounts of excess reactants to decompose 
the zircon. The reaction products had to be crushed before leach-
ing with water, and acid digestion of the residue after leaching 
often led to difficulties in subsequent purification steps. Rossiter 
and Sanders (8) proposed a process for decomposing Brazilian zir-
conium ores in which they used equal weights of ore and caustic, 
obtaining a granular product. Little application appears to have 
been made of their suggestion in the United States, although 
Ullmann (10) briefly described the use of a similar process in the 
German enamel industry. Recently several investigators (2,9,11,12) 
have again examined the use of low caustic-to-zircon ratios in 
decomposing zircon. The work reported~ here follows the lines of 
Rossiter and Sanders in that low caustic-to-zircon ratios were used 
and a granular product was obtained. However, no grinding of the 
ore was necessary. Agitation was accomplished entirely by the gas 
evolved during reaction. 
EXPERIMENTAL 
Small-scale tests, heating zircon and caustic together in 
crucibles, indicated that a reaction took place at a relatively 
low temperature. Often, the product was a light-colored fragile 
granular solid which was easily removed from the crucible. The 
product of the reaction was hygroscopic, strongly caustic in nature, 
and the addition of water caused it to disintegrate to a fine powder. 
Under other conditions, no reaction took place, or the product was 
a fused mass that had to be chipped fro.m the crucible. Once it was 
known that a granular product could be made, the problem became 
one of establishing the proper conditions for economical operation 
on a larger scale. 
Using the information gained in the laboratory tests, the 
caustic treatment of zircon was studied in larger rectangular reac-
tion vessels. In a typical run, 41.0 pounds of technical grade 
76 per cent flake caustic (98 per cent NaOH equivalent) was charged 
to the vessel and raked level to form a layer approximately 6" 
deep. Then 36.3 pounds of zircon sand was distributed evenly 
over the surface of the caustic. The vessel was lowered into a 
direct gas-fired, pit-type furnace which had been preheated to 
1050°F. During charging the furnace temperature dropped to 870°F, 
returning slowly thereafter to 1050°F as the reaction vessel was 
heated. 
The nature of the reaction warrants description in some detail. 
Changes in the reactor charge are shown in Fig. 1, and a typical 
heating cycle in Fig. 2. Melting of the caustic (M.P. 604°F) 
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A.BEFORE HEATING B.BEFORE REACTION C.AFTER REACTION 
(CAUSTIC SOLID) (CAUSTIC MOL TEN) (GRANULAR PRODUCT) 
FIG. I - CHANGES IN REACTOR CHARGE DURING CAUSTIC TREATMENT 
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began at the edges and progressed slowly toward the center. When 
the caustic was completely molten, the loose layer of solids at the 
bottom was sampled and found to consist primarily of unreacted 
zircon sand. The gray molten liquid appeared to have a low viscosity, 
bubbling gently. As heating was continued the nature of the bubbling 
changed, the bubbles becoming smaller, originating first in one 
part of the vessel, then another. The natural agitation of the 
fluid provided good liquid circulation, effectively dispersing the 
layer of sand at the bottom. 
Marked changes occurred at temperatures in the range 950-lOOOoF. 
Bubbling became violent, frothing began, the mixture became viscous 
and the liquid level in the vessel increased. Within five minutes 
the entire charge set up into a fragile, porous solid with a con-
cave surface. Continued heating caused the solid mass to "rise" 
much like a loaf of bread, finally presenting a definite convex 
surface. 
It is doubtful that a single equation can be written for the 
reactions which actually occur. Neither of the following equations 
6 NaOH + ZrSi04 ) Na 2zro3 + Na 4Si04 + 3 H20 (1) 
4 NaOH + ZrSi04 ) Na 2zro3 + Na 2Si03 + 2 H20 (2) 
was entirely satisfactory, and of course many others could be 
written. Equation (1) predicted a stoichiometric caustic-to-zircon 
ratio of roughly 1.3; Equation (2), a consi<Erably lower ratio of 
about 0.9. A larger loss in weight is predicted by (1) than by (2). 
Actual weight losses were intermediate to those indicated by the 
above equations. Also, it was found that some of the resulting 
silicates were water-insoluble but acid-solub l e, offering further 
evidence that any single equation is incapable of representing the 
reaction. 
After cooling, the reaction product of zircon and caustic 
(hereafter termed "frit" for the sake of brevity) was found to 
be a porous solid, easily broken into small particles and strongly 
caustic in nature. The water-soluble portion of the frit is 
thought to consist of sodium silicates and excess caustic, and 
the water-insoluble portion, of sodium zirconates, silicozirconates, ~" 
and unreacted sand. 
Experimental results of runs using a 10" x 21" x 30" rectangular 
reaction vessel are presented in Tables III and IV. The frit was 
analyzed both for unreacted sands and for acid-soluble zirconium. 
The per cent zircon converted was expressed as the amount of sand 
charged minus the unreacted sand in the frit, divided by the amount 
of sand charged. The analysis for the per cent soluble zirconium 
in the frit could also be used as an index of the extent of reaction, 
but was not used because it was more sensitive to the inaccuracies 
in frit weights that are apparent in some of the runs. For example, 
Run 2, in which exceptional care was taken in weighing the frit, 
fairly well established the weight of frit as 69 lb., and cast some -
doubt on the weights reported for Runs 7, 10, 15 and 16, as well 
as Runs 13 and 14. 
Table III 
Zirconium Balances over Batch Caustic Treatment of Zircon 
In Out 
Run Zircon Caustic Zr Frit Unreacted Insoluble So1u- So1u- Total Deviation 
no. soda in zircon Zr b1e b1e Zr Zr out (1bs.) (1bs.) ( 1bs.) (1bs.) (%) (1bs.) Zr (%) out (1 bs.)(lbs.) (%) 
1 36.3 32.8 17.5 62.7 15.1 4.6 20.3 12.7 17.3 -1.1 
2 36.3 41.0 17.5 69.1 5.0 1.7 22.8 15.7 17.4 -0.6 
3 36.3 47.2 17.5 74.8 3.5 1.3 23.1 17.3 18.6 +6.2 
4 36.3 54.5 17.5 83.6 0.3 0.1 19.4 16.2 16.3 -6.9 H (/) 
5 36.3 41.0 17.5 69.4 4.8 1.6 22.4 15.6 17.2 -1.7 0 I 
+=" 
6 36.3 41.0 17.5 69.4 5.1 1.7 22.5 15.6 17.3 -1.1 VJ ~ 
7 36.3 41.0 17.5 71.5 6.4 2.2 21.5 15.3 17.6 +0.6 
8 36.3 41.0 17.5 69.0 9.8 3.3 19.4 13.4 16.7 -4.6 ......... ::0 
9 36.3 41.0 17.5 70.5 3.4 1.2 22.8 16.1 17.3 -1.1 ro < 10 36.3 41.0 17.5 73.1 11.0 3.9 21.0 15.3 19.2 +9.7 ...._.. 
11 36.3 41.0 17.5 70.7 15.6 5.1 19.8 14.0 19.1 +8.6 
12 72.6 82.0 35.0 137.8 3.2 2.1 23.4 32.2 34.4 -1.7 
13 72.6 82.0 35.0 131.8 5.2 3.3 21.7 28.6 31.9 -8.9 
14 72.6 82.0 35.0 131.0 5.2 3.3 22.3 29.2 32.4 -7.4 
15 36.3 41.0 17.5 63.3 5.4 1.7 21.9 13.9 15.6 -10.8 
16 36.3 41.0 17.5 65.0 4.6 1.4 22.1 14.4 15.8 -9.7 
17 21.0 23.8 10.1 41.4 6.4 1.3 22.0 9.1 10.4 +3.0 
18 54.5 61.5 26.3 105.3 8.0 4.1 20.3 21.3 25.4 -3.4 
\D 
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Table IV 
Experimental Results of the Caustic Treatment of Zircon 
Run Wt. NaOH Charge Furnace Reaction Post- Conversion 
no. size control time heating of 
Wt. zircon (lbs. temp. (min.) time zircon 
zircon) (min.) (%) 
Series I - Effect of Caustic to Zircon Ratio 
1 0.9 36.3 565oC 120 30 73.8 
2 1.1 36.3 565oC 141 30 90.4 
3 1.3 36.3 565oC 123 30 92.8 
4 1.5 36.3 565oC 145 30 99.2 
Series II - Effect of Reaction Time 
5 1.1 36.3 565oC 120 0 90.9 
6 1.1 36.3 565oC 126 0 90.4 
7 1.1 36.3 565oC 180 0 87.3 
8 1.1 36.3 645°C., 90 30 81.3 
9 1.1 36.3 617°C.L 125 30 93.4 
2 1.1 36.3 565oC 141 30 90.4 
10 1.1 36.3 565oC 195 30 78.0 
11 1.1 36.3 Varied2 360 30 70.5 
12 1.1 72.6 565oC 175 30 93.9 
13 1.1 72.6 565oC 235 30 90.5 
14 1.1 72.6 565oC 223 45 90.6 
Series III - Effect of Post-Heating Time 
6 1.1 36.3 565oC 120 0 90.9 
9 1.1 36.3 617oC 125 30 93.4 
15 1.1 36.3 565oC 142 30 90.6 
16 1.1 36.3 565oC 159 120 91.7 
Series IV - Effect of Charge Size 
17 1.1 21.0 565oC 143 35 87.1 
2 1.1 36.3 565oC 141 30 90.4 
18 1.1 54.5 565oC 238 40 84.6 
12 1.1 72.6 565oC 235 30 90.5 
1 
Furnace control temperature reset to 565 o C when marge reached 
510°C. 
2 Furnace control temperature slowly increased to 565°C to retard 
heating rate. 
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Since some variations in composition were found within each 
batch, analysis of the frit first involved tumbling in a barrel 
for at least one-half hour. Gross samples of about 150 grams were 
then taken and ground in a small ball mill. The finely ground 
material was analyzed gravimetrically for unreacted sands and for 
soluble zirconium. 
The unreacted sands analysis was carried out by washing a 
sample of finely ground frit several times with sodium hydroxide 
solution, centrifuging, and dissolving the residue in concentrated 
hydrochloric acid. The solids were then filtered off, dried and 
ignited in a platinum crucible. Silica was removed by adding HF 
and H2S04, evaporating to dryness and igniting to constant weight. 
An aliquot of the hydrochloric acid filtrate was taken for zir-
conium analysis. 
The soluble zirconium was determined ~ravimetrically by the 
mandelic acid method proposed by Kumins (5). An aliquot of the 
hydrochloric acid filtrate containing 50 to 300 milligrams of 
zirconium was transferred to a beaker, diluted and concentrated 
hydrochloric acid added. Sixteen per cent mandelic acid solution 
was added and the solution heated to 85°C for twenty minutes. The 
zirconium mandelate precipitate was filtered off and washed with 
5% mandelic acid solution. The solids were dried and ignited. 
Occluded silica was removed by evaporating the solids to dryness 
with HF and H2so4, adding water and H2S04 and again evaporating to 
dryness to remove the remaining fluoride. The residue was then 
ignited and weighed as zirconium dioxide. 
The effect of caustic-to-zircon ratio is indicated by compari-
son of Runs 1, 2, 3, and 4 in Table IV. When more caustic was used, 
the sand reacted more completely. At caustic-to-zircon ratios 
greater than 2.0 the nature of the reaction changed completely; · 
a hard, fused product was obtained, rather than a granular one. 
The optimum caustic-to-zircon ratio involves an economic 
balance. The most effective use of caustic soda occurs at low 
caustic-to-zircon ratios, but at the expense of less complete 
consumption of the sand; at high ratios, the sand is effectively 
utilized but at the expense of additional caustic. If the unreacted 
zircon can be easily and economically recycled, the total cost at 
the lower caustic-to-zircon ratios may warrant recycling a consider-
able portion of the sand to minimize caustic consumption. Using a 
caustic-to-zircon weight ratio of 1.1:1 it was found that 80-90% 
of the zircon reacted. 
The time required to heat the charge from room temperature 
to the point where the reaction products became solid was found 
to be an important variable in the conversion of zircon. This 
time wa~ defined as the "reaction time." Runs 5-14 of Table IV 
show the effect of varying the reaction time. Not only was the 
conversion of zircon adversely affected by a very long reaction 
time, but the character of the reaction product was completely 
changed. In Run 11 the reaction product was very hard and dense, 
and had to be chipped from the reactor. 
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Some improvement in the conversion of the zircon was obtained 
by heating the charge for a time after the frit had formed ("post-
heating time"). A comparison of the zircon conversions obtained in 
Runs 6, 9, 15 and 16 shows that the effect was so small that it 
would probably not be economical in a commercial process. 
An effect of reactor shape and charge volume was noted in 
early experiments in which caustic and zircon were reacted in 
crucibles consisting of 2 1/2" pipe welded shut at one end. Larger 
charges in the same crucible, reacted under otherwise identical 
conditions, gave poorer conversion. The reason for this was thought 
to be that progressively poorer mixing occurred as the layer of 
dense sands was farther removed from the major portion of the 
caustic soda. In the light of this experience a large, shallow 
reaction vessel seemed preferable to a small, deep one. The last 
four runs in Table III show little effect of charge size in reaction 
vessels where natural agitation is sufficiently uninhibited to 
mix the sand and the caustic thoroughly. 
Additional grinding of the zircon was found to improve the 
conversion only slightly. In view of the hardness of zircon, and 
the consequent high cost of grinding, it was concluded that grinding 
was not practical on a commercial scale. 
DISCUSSION 
The process for opening up zircon with caustic soda is of 
interest because low caustic-to-zircon ratios are effective in 
converting the sand to a granular product whic~ can be conveniently 
handled. The equipment required is simple and inexpensive; a gas-
or oil-fired furnace can be used. These factors allow more flexibility 
in plant location and scale of operation than the electric arc 
furnace required in the production of cyanonitride. In addition, 
the product of the caustic treatment of zircon lends itself to the 
preparation of a variety of zirconium compounds. 
The schematic flow sheet presented in Figure 3 shows some of 
the possible conversions of frit to pure zirconium compounds. In 
all cases the first step involved washing, or leaching, of the frit 
with cold water to remove the soluble silicates and unreacted caustic. 
It was found that contacting the frit twice with 1-1.5 gallons of 
cold water per contact removed most of the water-soluble material. 
A typical analysis of the leached frit (dry basis) was: N20 - 9.8%, 
Si02 - 8.4%, Zr02- 65.9%, ZrSi04 - 15.1%. It seems likely that 
considerable hydrolysis of the zirconates took place during leach-
ing. Ignition of the leached frit for 2 hours at 800°C caused 
approximately 90% of the zirconium to become acid-insoluble, as 
might be expected if hydrolysis had formed zirconium hydroxide which 
ignition converted into zirconium oxide. 
The washed frit still contained 5-10% water-ins<(_}uble silica 
after washing. This silica had to be thoroughly dehyarated before 
attempting to carry out the filtrations necessary in the preparation 
ISC-437 (Re\1') 
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FIGURE 3 PRODUCTION OF ZIRCONIUM COMPOUNDS 
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of pure zirconium compounds, since addition of a strong inorganic 
acid to an acid-soluble silicon-containing material generally 
produces a silicic acid solution. The solubility of silicic acid 
in acidic solution is low, so that a colloidal silica hydrate tends 
to precipitate. The silicic acid so produced was found to be 
very difficult to filter. High concentrations of hydrochloric, 
sulfuric or nitric acid and heat were found beneficial in effectively 
dehydrating the silica remaining in the frit. 
In the preparation of pure zirconyl chloride octahydrate, the 
extreme difference in solubility of zirconyl chloride in hot and 
cold hydrochloric acid solution made possible excellent zirconium 
recovery by crystallization. Most of the silica, in a dehydrated 
and readily-filterable form, was retained on the filter along with 
unreacted sands and crystals of the octahydrate. Dissolving the 
once-crystallized zirconyl chloride in water permitted the removal 
of silica and unreacted sands, and subsequent recrystallization 
from hot hydrochloric acid solution yielded white, needle-like 
crystals of pure octahydrate. 
Other compounds were prepared directly from these crystals. 
The addition of nitric acid directly to the crystals, followed by 
a slow evaporation to dryness, gave pure nitrate. A similar treat-
ment with sulfuric acid was used to obtain pure sulfate; using 48% 
aqueous hydrofluoric acid, pure tetrafluoride hydrate was obtained. 
Anhydrous zirconium tetrafluoride was then prepared by heating the 
hydrate at 400°C in an anhydrous hydrogen fluoride atmosphere. 
Many interesting phenomena were encountered in· the preparation 
of zirconium compounds from frit. When ammonium hydroxide was added 
to a zirconyl chloride solution, the zirconyl hydroxide precipitate 
was filtered and washed only with difficulty because of its 
gelatinous nature. However, if the hydroxide was allowed to dry at 
room temperature it was reduced to approximately one-third of its 
original solid volume, forming a very hard, vitreous-like material. 
The application of small amounts of water to this material caused 
it to shatter with a crackling noise, producing a granular material 
which was acid-soluble. In this granular form the hydroxide was 
readily washed, could be conveniently handled and shipped, or con-
verted into other zirconium compounds. 
Experience with the preparation of zirconium compounds serves 
to emphasize how little zirconium chemistry is understood. Although 
zirconium is more abundant in the earth's crust than nickel, copper, 
tungsten, tin or lead, a great deal remains to be learned about the 
production of the metal and its compounds. One of the indirect, 
but real, benefits from the atomic energy program has been the 
interest stimulated in the development of the technology of zirconium. 
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